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Nuclear transport: Proliferating pathways
David S. Goldfarb
A new pathway of nuclear import has been discovered
with the identification of receptors that mediate the
nuclear import of shuttling hnRNP proteins in yeast
and human cells. 
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Transport through the nuclear pore complex (NPC) is
remarkable in part because of the variety of macromolecu-
lar substrates that are translocated along distinct targeting
pathways [1]. The best understood bidirectional transport
pathway is that of the protein components of hnRNPs
(heteronuclear ribonucleoprotein particles). In vertebrates
there are at least 20 different hnRNP proteins. Some of
these are retained in the nucleus, but others, including the
hnRNP proteins A1, A2 and K, shuttle back and forth
between the nucleus and cytoplasm. Recent electron
microscopic evidence [2] supports the notion that hnRNP
A1 exits the nucleus bound to the pre-mRNP and not as
an independent substrate.
Once in the cytoplasm, shuttling hnRNP proteins disso-
ciate from the pre-mRNA and quickly scurry back to the
nucleus, where they reassociate with nascent hnRNPs
for another round of shuttling (Fig. 1). Because the half
life of the average mRNA is short relative to the length
of the cell cycle, hnRNPs are continuously produced and
exported in large numbers to replace the mRNA that has
been destroyed. Consequently, the flux of shuttling
hnRNP proteins from nucleus to cytoplasm and back is
large. Two groups [3,4] have now shown that re-import
of these proteins into the nucleus involves a novel recep-
tor distinct from those used by the import pathway(s)
that are directed by classical nuclear localization signal
(NLS) sequences.
The nuclear import of shuttling hnRNP proteins is
rapid; although these proteins are continuously being
exported in large amounts, their residence time in the
cytoplasm is short enough that they appear exclusively
nuclear by immunofluorescence. A 38 amino-acid bidi-
rectional transport signal found in hnRNP A1 and A2,
called M9, is sufficient to direct both the export [5] and
import [6,7] of reporter proteins. It has not yet been
shown that M9 is directly involved in hnRNP export,
however, but it should soon be possible to determine
whether this is the case. 
The difficulties in understanding hnRNP export do not
end with understanding the signals involved. Extrusion
of mRNAs through the central channel of the NPC is a
poorly understood process. It may be that the function of
hnRNP proteins is to display nuclear export signal
(NES) sequences all along the pre-mRNA which act as
linearly arrayed ‘handles’ for the NPC-associated translo-
cation apparatus, rather as microtubule subunits serve as
a linear array of binding sites for motor proteins. The re-
import of hnRNP proteins, which is intrinsically less
complicated than hnRNP export, also has properties that
are difficult to understand. For example, the re-import of
hnRNP proteins A1 and A2 (but not K) is blocked by
actinomycin D and is, therefore, somehow dependent on
RNA polymerase II transcription. 
The existence of nuclear import pathways that are dis-
tinct from the classical protein import pathway was pre-
viously indicated by competition kinetic studies in
Xenopus oocytes [8,9]. Thus, U2 snRNP import is not
inhibited when the NLS-dependent import pathway is
saturated, for example [8]. The classical NLS-directed
import  pathway is taken by proteins that display NLSs
like those of SV40 large T antigen or nucleoplasmin [10],
and is mediated by an approximately 60 kDa NLS
receptor, called importin a or karyopherin a (the a
subunit). A second subunit, called importin b or karyo-
pherin b (the b subunit), mediates NPC docking [1].
The new reports not only confirm the existence of dis-
tinct targeting pathways but also identify the factors that
determine substrate specificity in human [3] and yeast
[4] cells. These new factors are evolutionary cousins of
the original b subunit. 
The simultaneous discovery of novel b subunits by two
laboratories was, as is often the case, the result of stylisti-
cally different approaches. For the past several years the
Dreyfuss group has systematically described the hnRNP
protein shuttling process in human tissue culture cells,
mapped and delineated the human M9 sequence, and
demonstrated that M9 directs both import and export.
Because the import and export signals within M9 are not
physically separable, clever assays were needed to isolate
the two phenomena experimentally. The new work by
Pollard et al. [3] reports the remarkable discovery of an
M9-specific targeting factor that mediates the docking and
translocation of M9-containing hnRNP proteins across the
nuclear envelope. 
A key contribution of the study by Pollard et al. [3] was
their demonstration that the M9 import signal directs a
targeting pathway that is distinct from the classical NLS
pathway. This was done by monitoring the localization of
glutathione-S-transferase–M9 (GST–M9) fusion proteins
in an extract-dependent permeabilized HeLa cell nuclear
transport assay. Like the classical NLS-directed pathway,
the M9-directed process was extract-dependent, sensitive
to nucleoside triphosphate depletion or chilling, and
blocked by wheat germ agglutinin, which is thought to
occlude the NPC translocation channel. Most impor-
tantly, M9 import was shown by several criteria to
proceed in the absence of the canonical a and b transport
factors. These studies provided the rationale for the
cloning and characterization of the novel M9-specific
transport factor. 
To search for the M9 receptor, a yeast two-hybrid screen
was performed using an M9-containing domain as bait.
One of the M9-interacting proteins, MIP.1, interacted
with wild-type M9 but not with a transport-defective M9
mutant. But it was the fact that the MIP.1 open reading
frame (ORF) showed sequence similarity to that of
importin b that confirmed the identity of MIP.1 as a
novel ‘transportin’. As expected, purified recombinant
transportin promoted M9 import in vitro. In the absence
of exogenous extract, purified His-tagged transportin was
all that was necessary to reconstitute ATP-dependent
import of a GST–M9 fusion protein in digitonin-perme-
abilized cells. It will be important to determine whether
any other factors in addition to transportin and the NPC
apparatus itself are involved in M9-directed import, and
to discover whether proteins other than the shuttling
hnRNP proteins are imported by transportin.
The independent identification of the yeast homolog of
human transportin by the Blobel group [4] used a post-
modern strategy that achieved its initial breakthrough on
the internet. Aitchison et al. [4] scanned the recently com-
pleted yeast genome sequence for ORFs with similarity to
the previously characterized karyopherin b subunit,
which, based on its mass, they call Kap95p. This ‘virtual
experiment’ revealed what should be the final word on the
family of karyopherin b homologs in yeast, identifying
four genes: KAP95, KAP104, KAP121 and KAP123. The
present study focused on the protein product of the
KAP104 gene, Kap104p. 
Aitchison et al. [4] began their ‘wet’ analysis of Kap104p
function by identifying binding partners for the putative b
factor. First, recombinant chimeric Kap104p–protein A
was found to bind to a subset of FG-repeat-containing
nucleoporins, as did a similar chimera of Kap95, although
the binding pattern and relative affinities of the two
chimeric proteins were discernably different. One idea is
that the FG nucleoporins may serve as translocation
complex binding sites and, by extension of the micro-
tubule analogy, may be sequentially arrayed within the
NPC to enable vectorial transport. 
A pair of proteins, putative substrates for Kap104p, were
isolated as a complex with Kap104p–protein A from
immunoglobulin G-coupled Sepharose. These were iden-
tified by microsequence analysis as Nab2p and Nab4p,
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Figure 1
A comparison of the classical NLS-directed
nuclear import pathway with the recently
defined M9-directed pathway. The classical
pathway requires both a (importin a/Kap60p)
and b (importin b/Kap95p) targeting factors.
The M9-directed pathway appears to require
only a b subunit (transportin/Kap104p).
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two essential hnRNP proteins that are similar to the
human hnRNP A1, and which, the authors suggested,
must have been in transit between the nucleus and
cytoplasm when the cells were lysed. The only sequences
in Nab2p and Nab4p that even vaguely resemble the M9
sequence are some RNA-binding domains that are rich in
glycine and arginine. If these RNA-binding domains serve
double duty as import signals, they would be accessible to
Kap104p only after Nab2p and Nab4p dissociate from the
pre-mRNA in the cytoplasm. It remains to be determined
whether Nab2p and Nab4p display NESs. 
Based strictly on sequence analysis, Kap104p and human
transportin appear to be functional homologs because
Kap104p is more similar to human transportin (59 % similar
and 35 % identical) than Kap104p is to the three other yeast
karyopherin b proteins (it is 55 % similar and 16.4 % identi-
cal to Kap95p, for example). In vivo evidence for a role of
Kap104p in yeast hnRNP protein import was obtained with
a temperature-sensitive kap104 mutant, kap104-16, that was
isolated by plasmid shuffling. The kap104-16 allele pro-
duced a thermolabile protein that disappeared from cells
within three hours after a shift to 37 °C. Significantly, after
one hour at 37 °C the immunofluorescence localization of
endogenous Nab2b in kap104-16 cells shifted from the
nucleus to the cytoplasm. The localization of other non
hnRNP nuclear proteins was unaffected by kap104-16p
depletion. Because the bulk of Nab2p migrated from the
nucleus to the cytoplasm during kap104-16p depletion —
more than would be expected if only the import of newly
synthesized Nab2p were inhibited — the authors con-
cluded that Nab2p export continued in the absence of
Kap104p. Therefore, it is unlikely that Kap104p is directly
involved in hnRNP export. After extended Kap104p deple-
tion, a subpopulation of cells accumulated abnormal levels
of nuclear polyadenylated RNA. Instead of suggesting a
direct role for Kap104p in mRNA export, the authors pro-
posed that Kap104p is needed to re-import hnRNP pro-
teins that are required for the assembly of nascent hnRNPs.
If hnRNP proteins cannot be imported, hnRNPs cannot be
assembled and exported.
The significance of transportin/Kap104p extends beyond
the role of these factors in the import of a few hnRNP
proteins. The homology of the three new yeast KAP gene
products to importin b/Kap95p proves that the evolution
of multiple nuclear targeting pathways has occurred at
least three times via the specialization of a prototypical
targeting apparatus. Also, we had believed that the a
subunit alone determined the specificity of NLS-
directed import. The new results identify b subunits that
appear not only to mediate NPC docking but also to bind
directly to the appropriate cargo, circumventing the
requirement for an a subunit (Fig. 1). This is a fascinat-
ing case of re-engineering through evolution and opens
a Pandora’s box of different combinatorial ways to
generate multiple targeting pathways. Why, for example,
stop at one a subunit? Different a isoforms have in fact
been described; these might direct different classes of
NLS-containing cargo to the a-dependent b transportin
(Kap95/importin b). There may also be other adaptors,
specific for specialized NLS-containing cargo such as U
snRNPs, that are not homologous to the a transport
factor family.
It is now reasonable to postulate that both a-dependent
and a-independent b subunits localize to the cytoplasm
until their targeting and translocation activity is activated.
According to this simple model, activation can be potenti-
ated either by binding to an NLS–cargo–a subunit
complex, as in the case of Kap95p and importin b, or by
binding directly to NLS–cargo, as in the case of Kap104p
and transportin. In the case of importin b activation, the
first 40 amino acids of importin a contain what is called
the ‘importin b binding’ (IBB) domain, which is sufficient
to prompt the cargo-independent docking and transloca-
tion of the b subunit [11]. In addition to IBB and NLS-
binding domains, a subunits must contain a regulatory
domain that prevents the a IBB domain from gratuitously
triggering the b docking and translocation activity until an
NLS-containing cargo is bound. This hypothetical a regu-
latory domain, which presumably acts via a conformational
change, probably does not prevent a and b from forming
complexes in the cytoplasm before binding to cargo.
In conclusion, the catalog of soluble factors that directly
mediate nuclear transport is probably nearing comple-
tion. The picture that emerges is of a complex and
elegant apparatus that efficiently coordinates the bidirec-
tional transport of diverse macromolecules. The new
results raise new questions and help to focus older ones.
Does each of the b-mediated targeting pathways direct
its NLS-containing cargo to a universal docking and
translocation pathway or are there multiple, possibly
redundant, docking and translocation sites? How are the
a and b importins recycled to the cytoplasm (see [12])?
Do different a and b subunits mediate completely
nonoverlapping pathways, or are their substrate reper-
toires shared? If b subunits are the transportins, then
what are the translocases that catalyze vectorial move-
ment through the NPC? Which type of b subunit
evolved first, the a-dependent or a-independent? What
are the biomedical implications of the existence of multi-
ple targeting pathways? For example, which of the a and
b targeting factors do different viruses use? Will it be
possible to engineer exclusive targeting pathways that
transport therapeutic ‘magic bullets’ to the nucleus?
Finally, do the different b factors provide for the
independent regulation of nuclear transport pathways by
cellular signalling pathways via cycles of pathway-
specific phosphorylations and dephosphorylations during
cell growth, development and disease?
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